A strategy for assembling biaryls linked via a mediumsized ring is herein presented. π-Complexation of fluoroarenes to chromium tricarbonyl activates the molecule towards both C-H activation and nucleophilic aromatic substitution without covalently altering the molecular connectivity of the arene. The construction of bridged biaryl molecules with 6-10 membered core rings is achieved via a one-pot C-H arylation/nucleophilic aromatic substitution sequence. The methodology is applicable to the synthesis of heterocyclic as well as fully carbocyclic rings.
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Small rings (3-6 members) are commonly found in drug molecules. However, despite the abundance of medium ring structures in natural products, 1 these rings remain rare in drug molecules, 2 potentially due to the limited availability of methods for their synthesis. Indeed, it is generally acknowledged that the synthesis of medium-sized rings (7-12 members) is much more challenging than that of smaller rings.
3 Methods able to form rings of varying sizes are largely restricted to lactonization, 4 transition metal catalysed couplings, 5 nucleophilic substitution, 6 and metathesis reactions (Scheme 1a-c). 7 A common feature of these reactions is that the ring-forming reaction is typically a synthetically distinct step requiring the molecular skeleton to be fully constructed first, often a time-and waste-intensive process. Methodologies for the formation of rings through intermolecular coupling of two separate fragments are much less common due to the requirement for compatible functional groups able to form two bonds in one synthetic step.
8 Such methodologies are commonly restricted to the formation of 7-membered rings, particularly using transition metal catalysis.
9
C-H activation has emerged in recent years as an attractive strategy for biaryl synthesis as it allows functionalization of simple and abundant C-H bonds, and so can greatly simplify synthesis and reduce waste. 10 A promising strategy, direct arylation, 11 is to replace the organometallic coupling partner necessary for traditional cross coupling with an arene containing a C-H bond able to react with a transition metal catalyst. Although many advances have been made in this field 12 there remains a need to develop strategies that enable less reactive simple arenes, such as toluene, anisole or fluorobenzene, to undergo C-H activation reactions with high reactivity and regioselectivity -current strategies either use the arene in a large excess (as solvent) and/or suffer from poor regioselectivity. 13 Recently, our group reported that π-complexation of simple arenes to chromium tricarbonyl dramatically increased Scheme 1. Strategies for the formation of benzanulated medium rings their reactivity towards biaryl formation via C-H activation, with unprecedented regiocontrol and reactivity being observed with anisole and fluorobenzene derivatives.
14 This π-complexation is also known to facilitate nucleophilic aromatic substitution (SNAr) 15 allowing additional functionalization of the product that would not be possible without the metal.
Herein we report a strategy for the one-pot construction of bridged biaryl molecules, which exploits the dual increased reactivity of fluoroarenes towards both C-H activation and SNAr on coordination to chromium tricarbonyl. The envisaged reaction involves direct arylation at the C-H bond ortho to the fluorine of the π-complexed starting material, followed by nucleophilic substitution of the fluorine by a pendant nucleophile (Scheme 1d).
We began our investigation with the conditions developed for the direct arylation of 3-fluorotoluene chromium tricarbonyl complex 1a, 14a 14selecting an oxygen-containing iodoarene (2a) that would form a 7-membered ring upon cyclization. No reaction was observed with the free alcohol ( Table 1 , entry 1), consistent with our previous observations. 14a Instead, installing a triisopropylsilyl (TIPS) protecting group enabled the arylation step to proceed. In situ deprotection of the TIPS group with TBAF led to the cyclised product very efficiently at room temperature (Table 1 , entry 2). Increasing the reaction temperature of the direct arylation step to 70 °C improved the yield. Finally, a slight increase on the amount of silver carbonate further improved the yield, leading to the desired product in 72% yield. With these conditions in hand, we explored the generality of our ring forming strategy with regards to the size of the core ring. Good yields were found for 6-and 8-membered rings (Scheme 2, 3ab and 3ae). Substrates with alkyl substituents on the core ring were also tested. Addition of a benzylic methyl group furnished the cyclised product in a good yield (3ac), although substitution by a longer, more bulky butyl chain led to a slight reduction in the yield (3ad). Previous mechanistic studies on the direct arylation reaction of arene-chromium complexes revealed that an in situ formed silver complex, (PPh3)Ag(O2CAd), is the species responsible for the C-H activation process. 16 This investigation showed that the addition of PPh3 increased the rate of the arylation reaction due to formation of a higher concentration of (PPh3)Ag(O2CAd). Here, we found that with less reactive iodoarenes the addition of 40 mol % of PPh3 allowed good yields to be obtained.
Having demonstrated that 6-, 7-and 8-membered rings can be easily and expediently synthesised with our new intermolecular strategy, we explored the possibility of forming larger rings. In case studies of ring forming reactions, 9-10 membered rings have been found to be the most challenging to prepare due to the large enthalpic strain associated with their formation, and the lack of compensatory entropic gain seen in small rings. 17 Gratifyingly, 9-and 10-membered rings (3af and 3ag) were obtained in preparatively useful yields using our onepot methodology. For these larger rings a higher yield was obtained when a strong non-nucleophilic base was added and a filtration performed between the arylation step and the alcohol deprotection, as rigorously dry conditions favoured the cyclisation over protonation of the alcohol.
We then investigated the effect of substitution on the fluoroaryl core. Hydrocarbon substituents ortho and meta to the fluorine atom were found to be reactive (3ba and 3ca). Similarly, products containing free alcohols were formed from TIPSprotected benzyl alcohol substrates (3da and 3ea). An acetal group was also found to be compatible (3fa). Symmetrical arenes pose an interesting challenge for C-H activation strategies due to the formation of mixtures of mono-and bisarylated products, 18 unless there is significant electronic or steric differentiation between the starting material and product of functionalisation. Selectivity can sometimes be controlled by using a large excess of one reagent so that predominantly mono13f,19 or bis-20 arylated products are obtained. Accordingly, in our previous reports on arylation of fluorobenzene-Cr(CO)3 complexes, we had found that monoarylation of symmetrical arenes was not possible, with only bis-arylated products being accessible in good yields. 14 In order to address this limitation, we developed a new strategy for accessing exclusively monoarylated products by protecting one of the two ortho positions in an otherwise symmetrical arene with a TMS group. The TMS group is easily installed via ortho-lithiation of the relevant chromium-complexed fluoroarene, and is smoothly deprotected by the fluoride salts present in the reaction conditions, enabling unsubstituted and para substituted arenes to be accessed (3ga and 3ha) with complete selectivity for mono-versus bis-arylation.
Nitrogen-containing heterocycles are ubiquitous in both natural products and drug molecules. 21 Methods for the synthesis of these molecules are therefore valuable, although nitrogen-containing molecules are notoriously challenging substrates for palladium-catalyzed C-H arylation reactions due to the strongly coordinating ability of the nitrogen lone pair. Fortunately, Boc-protected amine 2h was found to be a compatible substrate for the direct arylation reaction (Scheme 4). The addition of PPh3 proved essential for achieving high reactivity in this case, potentially due to the competitive coordination of the amide to the silver carboxylate which could slow the rate of C-H activation. In this case, efficient cyclization was effected with a strong base under dry conditions after a filtration through a plug of silica and concentration under reduced pressure. Our direct arylation/cyclization strategy is not limited to Oand N-nucleophiles and should be suitable for other nucleophiles if they are compatible with the arylation conditions. Since the ability to form two carbon-carbon bonds in one synthetic step is a valuable tool in organic synthesis, we investigated the use of an ester group as a C-nucleophile in this process. Gratifyingly, a similar strategy to that employed on Nnucleophiles allowed the synthesis of fully carbocyclic product 3ai (Scheme 5) in a preparatively useful yield.
Scheme 5. Direct arylation/cyclization reaction with an ester-containing iodoarene.
In conclusion, we have developed a one-pot direct arylation-cyclization reaction that allows the facile formation of a range of medium-sized rings, including a challenging 10-membered ring, exploiting the enhanced reactivity of arenechromium tricarbonyl complexes towards C-H activation and nucleophilic aromatic substitution. The present methodology is applicable to the construction of a wide array of nitrogen-and oxygen-containing 6-10 member rings in preparatively useful yields. We have also proved that this strategy is suitable for the formation of fully carbocyclic rings in one synthetic step.
Experimental Section
General protocol for the arylation/cyclization process using TIPS-protected alcohols: K2CO3 (84 mg, 0.6 mmol), Ag2CO3 (84 mg, 0.3 mmol), AdCO2H (27 mg, 0.15 mmol), Pd(PPh3)4 (18 mg, 0.015 mmol), the required [Cr(fluoroarene)(CO)3] (0.3 mmol), and the corresponding iodoarene (0.45 mmol) were weighed into a 10 mL microwave vial. The vial was sealed and purged with N2. H2O (10.8 µL, 0.6 mmol) and toluene (300 µL) were added via syringe. The reaction was heated at 70 °C for 16 h (stirring at 500 rpm), then the vial was cooled to rt. Anhydrous THF (2.1 mL) was added along with 0.5 M TBAF solution in THF (0.9 mL, 0.45 mmol), and the solution vigorously stirred at rt for 3 h. AcOH (3 mL) was then added along with MnO2 (90 mg, 1.0 mmol) and the reaction vigorously stirred at rt for 3 h. The suspension was then loaded onto a short silica plug (2 × 2 cm) and eluted with Et2O (20 mL) before concentrating in vacuo. Column chromatography purification of the resulting crude afforded the tricyclic compounds.
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